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I. INTRODUCTION 
The publication of Rumford in 1798 "An Inquiry Con­
cerning the Source of Heat which is Excited by Friction" 
may be considered as the beginning of the study of heat as 
molecular kinetic energy. Since that time the problem of 
heat transmission, mainly because of its great practical 
significance, has received considerable experimental and 
theoretical attention. However, this does not mean that 
the heat transfer phenomena are completely understood. 
On the contrary, the macroscopic manifestations of various 
modes of heat transmission (conduction, convection and 
radiation) through substances have not in general been ex­
plored in terms of fundamental principles. This is especial­
ly true about the various types of heat convection in fluids 
(free and forced convections with either laminar or turbu­
lent motion) because of their enormous complexity due to 
the combination of mass flow and heat conduction, each of 
which is governed by rather complicated laws. 
The purpose of the present investigation is to enlarge 
the knowledge about the heat transfer from small horizontal 
cylinders (platinum wires having diameters of two or three 
thousandths of an inch). Particular attention is given to 
the free convection (caused by the density changes of a 
fluid due to a temperature gradient and the presence of a 
gravitational field) in various gases and liquids, and to 
2 
the influence of an electric field on the heat transfer in 
gases. Also some consideration is given to the analysis of 
the Senftleben method (1, 2) for the determination of the 
heat conductivity, the specific heat at constant pressure 
and the viscosity of gases from heat transfer data. 
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II. THEORETICAL CONSIDERATIONS 
A. Basic Principles of Heat Transfer in Fluids 
According to the first law of thermodynamics heat 
originates from other forms of energy. The second law de­
termines the direction of the migration of heat energy. 
There are three modes of heat transmission known as heat 
conduction, heat convection and head radiation. 
Heat conduction from a molecular point of view is due 
to the impacts of molecules in gases and due to the phonons 
and electrons in solids. 
Heat radiation is an energy transport by electromag­
netic waves. 
Heat convection constitutes a mode of heat transfer in 
which heat is transported by the mixing motion of different 
parts of a fluid. This process is governed by the laws of 
fluid dynamics and heat conduction. If the motion of the 
fluid is caused by differences in density due to differences 
in temperature in the presence of a gravitational field the 
phenomenon is called free or natural convection. If the 
fluid is made to move by external pressure differences it 
is called forced convection. In both cases, either laminar 
or turbulent motion can occur. Heat transport under laminar 
flow conditions is mainly due to the thermal conduction be­
tween the layers of the fluid. The turbulent heat transfer, 
however, is mainly due to a violent, disordered eddying and 
whirling of the fluid. 
Usually the three modes of heat transmission occur to­
gether. Heat convection without conduction does not occur 
but conduction without convection is possible. Convection 
can be avoided when warmer portions of a fluid are placed 
above cooler ones and by reducing the pressure of a gas so 
much that the buoyancy can no longer overcome the gas fric­
tion. 
The theoretical description of heat transfer by convec­
tion requires knowledge of hydrodynamic principles and the 
heat conduction process. 
Flow phenomena in fluids are governed by the equa­
tions of motion of Navier and Stokes 
p = P ft ^ 14- TD-HF (2.1) 
•1L - (p-fO ey. (2 .2 )  
5) - - vp 
(2.3) 
(2.1|) 
and by the equation of continuity in the absence of sources 
and sinks 
5 
% (2.2) 
In these equations p and po are the densities of the 
fluid associated with the temperatures T and TQ, P is the 
pressure of the fluid, ^  is the coefficient of viscosity 
of the fluid, X its thermal conductivity and t is the time. 
qj represents the acceleration due to gravity and -v the 
velocity of the fluid. 3T , ID and IF are the inertia, 
dynamical and frictional forces per unit volume acting on 
the fluid, respectively. 
For incompressible fluids (liquids are practically 
incompressible) the first and third terms of Equation (2»5>) 
are zero, and the equation of continuity for this case be­
comes 
V \y= o (2.6) 
imolying that 
F = /vj v (2*7) 
The differential equation for heat flow in a homogeneous 
and isotropic medium involving conduction, convection and 
the generation of heat is 
cr P w -IVT -cppv^r-t-H (2.8) 
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where H is the heat generated per unit volume per unit time 
and 0^ is the specific heat of the medium at constant pres­
sure. 
Solutions of the above-mentioned differential equations 
have been found only in very few simple cases and only under 
certain simplifications of the particular problem (3-10). 
In practical applications of heat transfer it is 
customary to introduce the heat transfer coefficient h de­
fined by 
i 6. 
" A:r ' (2.9) 
where Q is the rate of heat transfer, A is the area of the 
surface of the heated body and Q is the temperature differ­
ence between the surface of the object and the main body of 
the fluid. Effectively h is a measure of the heat trans­
ferred per unit area per tunit time under unit temperature 
gradient. It includes the combined effects of conduction 
through the stagnant film and convection in the fluid. 
Experimentally it has been found that the heat transfer 
coefficient depends upon the properties of the surface 
(shape, dimensions, temperature), the fluid (density, spe­
cific heat, viscosity, heat conductivity, temperature) and 
the flow (type, direction velocity). 
The rigorous theoretical calculation of the heat trans 
fer coefficient from the fundamental principles has been 
practically impossible because of the obvious mathematical 
difficulties. However, the application of semi-theoretical 
methods based on the theory of similarity (integral, dif­
ferential and dimensional methods) has given a multitude of 
important results and also some insight into the complex 
mechanisms of convection processes. 
For a review of the foundations of the theory of simi­
larity the interested reader is referred to excellent treat 
ments by Bosworth (11), Jakob (12), Bridgman (13) and Zahm 
(II4.). The following has been largely extracted from these 
references. 
Basically the similarity method is simply one of re­
ducing a particular problem to its most universal form 
before inserting measured quantities. The interdependence 
of the units for the different physical properties itself 
gives rise to certain relations between these properties 
imposed on the system by the methods of measurements. The 
similarity technique is a method of eliminating these im­
posed relationships between various physical properties. 
An equation, representing a state of equilibrium of a 
physical system, will only remain valid for all experiments 
if each term in the equation can be measured in the same 
units. Corresponding to each physical system there are a 
certain number of fundamental physical dimensions. Once 
8 
these are fixed the dimensions of all properties belonging 
to the particular group are fixed. In thermal systems ° 
usually four fundamental dimensions (length, mass, time and 
temperature) are needed. Once the dimensions of a group of 
physical properties are known these properties can be com­
bined in dimensionless groups. An equation representing 
the state of equilibrium of a physical system can be ex­
pressed as a relation between dimensionless quantities. 
Such an equation has its simplest form and a minimum of in­
dependent variables. 
The above-mentioned ideas can be applied to the heat 
transfer due to free convection in a fluid from a regular 
body characterized by a linear dimension 1 (for example, the 
diameter of a sphere or a long cylinder). One expects the 
following properties to be important in this process : the 
transport properties of the fluid (heat conductivity X , 
viscosity ^  ), the specific heat c^ and the density ^ of 
the fluid, the heat transfer coefficient h and the thermal 
the temperature difference between the body and the fluid 
and (1 represents the thermal expansion. 
According to the Riabouchinski % theorem (9), a system 
of m variables connected by n fundamental dimensions can be 
represented by an equation of m-n dimensionless products. 
The above-mentioned problem involves seven physical 
variables and four fundamental dimensions. Thus the process 
convectional force 
6 9-
where © = T - T is 
w o 
9 
can be described by three independent dimensionless numbers. 
There are various possibilities in selecting these numbers. 
A useful triad is 
\ 3 
Nusselt's number = Nu - —-— (2.10) 
X 
Grashof 's number = Gr = ^  (2.11) 
t 
Prandtl ' s number = Pr = — (2.12) 
A perfectly general equation for the free convection 
process can now be written as 
Nu.- { (Gr^ Pr) • (2.13) 
This is all the similarity analysis can provide. To 
determine the function f(Gr,Pr) for the particular experi­
mental situation, one must use a strictly experimental ap­
proach or must utilize more elaborate theoretical methods. 
It is possible to give the above-given characteristic 
numbers some physical interpretations. The Nusaelt number 
is related to the ratio of the characteristic dimension of 
the body to the thickness of the Langmuir film. The Grashof 
number can be interpreted as a property of the circulating 
fluid stream. The Prandtl number, being the ratio of the 
olO 
kinematic viscosity to the thermal diffusivity —— , 
is a measure of the relative efficiency for the molecular 
transport of momentum as compared with the molecular trans­
port of energy. 
Other types of convection problems such as forced 
convections or convections arising from the presence of an 
electric field require additional characteristic numbers. 
Some of them will be introduced later in appropriate places. 
B. Heat Transfer by Convection from Horizontal Cylinders 
For a laminar convection (the inertia terms in Stoke's 
formulas are negligible in comparison to the viscosity 
terms) Equation (2.13) can be written as (15) 
N ~ = f f 6 r P r ) .  ( 2 . 1 4 )  
A considerable amount of experimental work has been 
done on natural cooling for horizontal cylinders in fluids 
over a wide range of diameters and surface temperatures. 
Since the literature on this subject, because of its great 
practical importance in engineering, has become rather 
voluminous the reader is referred to Jakob's textbook (12). 
The outcome of the experimental work was a series of various 
correlation relations based on the principle of similarity. 
They all have a common characteristic, namely, the various 
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proposed equations agree reasonably well with experimental 
data for Gr Pr ) 1 up to the highest obtained values of 
Gr Pr ( 10®). However, in the region where Gr Pr C 1 
the disagreement among various equations and the few experi­
mental data is very noticeable. 
The first correlation of heat transfer data from single 
horizontal cylinders was made by Nusselt (15)• Later many 
other correlations have been obtained by Davis (16-22), 
Rice (23), Koch (2W, Nusselt (25), Hermann (26, 27), 
McAdams (28), Elenbass (29), Senftleben (30-32), Kyte, 
Madden and Piret (33), van der Hegge Zijnen (34), Fischer 
and Dosch (35), Epelboin, Pham and Vapaille (36), Beckers, 
ter Haar, Lie, Merk, Prins and Schenk (37). 
Some of these correlations are representable by the 
following equations: 
McAdams (28) 
Nvi = o s io (Gr pr ) v (2.15) 
van der Hegge Zijnen ( 3 k - )  
N- - o. 3 50 +- O-T'S'O (drrfr ) s -\-0-HfQ ((rr (V) ^ (2.16) 
Hermann (26, 27) 
NL c q.^qo (6-r fr) H (2.17) 
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Rice (23) 
(2.16) 
Kyte, Madden and Piret (33) 
,o"'< &V VrC ,0- {M,, (^ W] (2.19) 
10 ^ GrPr -C lo1 XL- -  ^J2<~ [ I f- y^Yé-] ^  (2.20) 
Senftleben (31) 
N"rîr<'- ft-
(2.21) 
where X is a characteristic conduction distance, r is the 
o 
radius of the cylinder and 
, +. 4 ™ 
(frfr) t (2.22) 
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McAdams' and van der Hegge Zijnen'a equations are 
strictly empirical. 
Hermann's equation resulted from certain theoretical 
arguments involving the Langmuir film. Since Hermann 
assumed that the thickness of the film is small compared 
to the diameter of the cylinder, his equation does not 
satisfy the experimental values of heat transfer from thin 
wires. 
Rice also used the concept of Langmuir1 s film. How­
ever, he assumed that the heat loss was due wholly to 
thermal conduction through the film and chose the film 
thickness to be that necessary to account for the observed 
heat loss. Experimental measurements (based on interfero­
ns trie methods) by Kennard (38, 39) later showed that Rice's 
assumption was not completely correct. 
The attempt of Kyte, Madden and Piret was more elab­
orate than the previous proposals. They emphasized the ef­
fect of free molecular conduction. Their work involved two 
departures from the classical picture : the diameter of the 
solid plus twice the mean free path of the gas was used as 
the characteristic dimension of the heated body and the 
concept of a conductive boundary layer having the same re­
sistance to heat transfer as that of the convectlve boundary 
layer was introduced. 
Senftleben's work on the free convection processes 
appears to be superior with respect to the other attempts. 
I k  
It resulted from a careful analysis of the velocity and 
temperature distributions around the heated body. For a 
horizontal cylinder these distributions are schematically 
shown in Figure 1. On the basis of the temperature dis­
tribution he assumed that the heat transfer region could 
be divided into two parts both of which had heat transfer 
by ordinary conduction but which had different temperature 
gradients. According to Senf tleben the total heat loss Q, 
per unit time from the heated cylinder of radius rQ and 
length L is 
where Qcon(j represents the rate of heat loss due to conduc­
tion through the second region and Qconv is the convectional 
heat loss. 
According to the Biot-Fourier equation 
(2.23) 
( 2 . 2 k )  
and 
where the meanings of the symbols are shown in Figure 1. 
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'conv 
—Q 
Q cond 
Velocity distribution 
Heoted cylinder 
T 
l i 
'W 
Tx 
f 
T ; 
V 
w 
./ 
Temperoture distribution 
O 7ro x 
Figure 1. Schematic diagrams of velocity and. temperature 
distributions around a heated cylinder 
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In convection, when a portion of fluid with density p 
and specific heat c^ has a temperature change from T to T1 
(T1 > T) it gains an amount of heat pcp(T'-T) per unit 
volume. If v is the average convectional velocity and S~ 
is the cross section of the flow, then the rate of convec­
tional heat loss is 
= v<rp cp ( T'- T ) . (2.26) 
But 
1 
v= (2.27) 
where = - ^ p (T^-TQ) ^  is the thermal convection 
force per unit volume and to is a constant of proportionality. 
From the dimensional point of view <ûc<(X-ro)^ , X-rQ repre­
senting the width of the convectional flow. Similarly 
cr < (X-rQ)L and T* X T^. Substitution of these relations 
of proportionality in Equation(2.26) gives 
ï^ùLr (2.28) 
'Vj T-h. 
17 
By combining Equations (2.23 - 25, 25) with some 
experimental observations Senf tleben (31) was able to derive 
Equations (2.21) which is believed to be the best repre­
sentation of the natural convection from single horizontal 
cylinders. 
Various correlations Nu = f(Gr Pr) are shown graphi­
cally in Section V. Some numerical values are presented in 
Appendix A. 
C. Influence of Electric Field on Heat Transfer 
from Horizontal Cylinders 
The heat transmission in a fluid from a wire at tem­
perature Tw surrounded by a concentric cylinder at temperature 
Tq such that Tw > TQ is increased by an electric field. The 
effect, which was discovered by Senftleben (i+.0) in 1931, de­
pends upon the electric field and the various properties of 
the fluid. A qualitative explanation in terms of the electro­
strictive forces which alter the convection currents was also 
given by him (J+l). 
More recently Kronig and Schwarz (1*2) succeed in obtain­
ing a partially quantitative interpretation of the effect 
based on the theory of similarity. In addition to the char­
acteristic numbers of Nusselt, Grashof and Prandtl they used 
a new characteristic number Kr defined by 
18 
 ^ <*.»> 
where ^ Is the density, p the coefficient of thermal ex­
pansion, T| the viscosity, a the polarizability, p, the 
electric dipole moment, M the molecular weight of the gas, 
1 = 2rQ the diameter of the wire, the radial component 
of the electric field at the surface of the wire, Q = T -T 
wo 
the temperature difference between the wire and the surround­
ing cylinder. NA the Avogadro number, k the Boltzmann con­
stant. 
According to the similarity theory Nu must be a function 
of Gr Pr and Kr Pr. Kronig and Schwarz made it plausible 
that Nu is given by 
iViA- -Ç £(rr(V) ( \Cf pr), (2.30) 
where g(Kr Pr) = Nuq1 is the change in the Nusselt number 
due co the presence of the electric field. Of course, the 
form of the function g(Kr Pr) could not be determined from 
the similarity theory alone. Either experimental data or 
more elaborate theory is needed to find the function 
g(Kr Pr). 
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In 1953 Senf tleben and Bultmann (43) extended Senf tle­
ben'a theory (30-32) of the natural convection to the con­
vection phenomena arising from the presence of the electric 
field. They were able to obtain a quantitative correlation 
of Nu^ with certain characteristic numbers. The following 
presentation, except for some details, is mainly based on 
the above-mentioned article (43)• 
The physical basis for the fact that the electric field 
influences the heat transmission in fluids is the électro­
striction, i.e., the pressure changes due to the electric 
field. Since the électrostriction is dependent upon the 
temperature, there exists a distribution of various pres­
sure changes in the space around the wire which create an 
additional convection. 
The electrostrictive force t per unit volume in the 
cgs system is (44) 
where X = 1 + 4%^ is the dielectric constant, > being the 
electric susceptibility. According to the Debye theory of 
electric polarization (45) 
r)  (2.31) 
(2.32) 
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Thus 
<Lr. 
^ (2.33) 
- ^T1 -7. 
and 
1= 4 
(2.32+) 
Hence the electrostrictive convectional force per unit volume 
due to the change in temperature from Tq to T is 
(2.35) 
with 
.  (2.36) 
Equation (2.35) can be written as 
(2.37) 
where 
According to Equation (2.28) the rate of the electro­
strictive convectional heat loss from a heated wire is 
21 
ajL ^ [- 1 ^  (r- r„) I^E1 
(2.38) 
By Introducing various proportionality relations and 
approximations in Equation (2.38) Senftleben and Bultraann 
were able to derive 
<3^ - c, ^ ->ï L » O + M ) (r. -r.f f2 e-^ | + 
^ CT"wfTs)T. vo 
, , H, (•*+ it^)EV- 1 
^ L <H0 + - J (2.39) 
From the experimental data they found that c^ = 
3.3 x 10 ^  and = 8 x 10"^. Senftleben and Bultmann sug­
gested a new characteristic number 
Z.hi 
H M. 
a*. = - — (2.I4.0) 
and showed that Equation (2.39) reduces to 
22 
|\L^ = c, 6r Tr Se. { I 4- <2. St) (2.1+1) 
The Senftleben number Is related to the Kronlg number 
by the relation 
£ K-r ~ <=-r (2.1(2) 
Thus Equation (2.1+1) can be written as 
~ ft C^T(?r) ^  ) (2.143) 
which for small Se becomes identical to Kronig's equation 
(2.30).  
D. Senftleben's Method for Determination 
of X , cp and ^  
In 194-9 Senftleben and Gladisch (1) suggested a new 
method (essentially based of Equation (2.11+) and in particu­
lar Equations (2.21, 22)) for simultaneous determination of 
the heat conductivity, the specific heat at constant pres­
sure and the viscosity of gases. A slightly different 
version of this method was given by Senftleben in 1953 (2). 
He applied this technique to various gases at room tempera­
tures obtaining measurements with accuracy of about 3%» 
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Senftleben's method appears to be very attractive be­
cause relatively simple measurements should give the heat 
conductivity, the specific heat and the viscosity of any 
gas and mixtures of gases as a function of temperature with 
respectable accuracies if the above-mentioned properties 
are known for some standard gas. A short review of Senftle­
ben' s method follows. 
The determination of > is based on the following con­
siderations. If one measures the amount of heat Q trans­
ported per unit time from an electrically heated wire 
(diameter 1 = 2rQ and length L) as a function of the pressure 
of the gas surrounding the wire a curve shown in Figure 2 
is obtained. Any gas gives a curve of this kind although 
the intensity of the convection current is dependent on the 
nature of the gas. The curve has a steep rise at small pres­
sures due to the pressure dependent molecular heat conduction 
and the temperature jump. At higher pressures the heat con­
duction becomes practically independent of the pressure 
(molar heat conductivity) and the curve would level off to 
a horizontal line if there were no convection currents. How­
ever, convection occurs and thus the curve rises again. At 
the inflection point (Q^, ) of the curve Q, = Q(P) the 
transferred energy per unit time is proportional to the 
molar heat conductivity of the gas surrounding the heated 
wire. Hence the coefficient of heat conductivity \ can 
2k 
Q 
Free convection 
Molor conductivity 
Temperoture jump 
Moleculor conductivity 
Figure 2. Schematic representation of heat transfer from a 
heated wire as a function of pressure 
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be calculated from 
-- 4" ' (2.W 
where and are the corresponding values of the trans­
ferred energy per unit time at the inflection point for the 
standard gas and the gas whose heat conductivity must be 
measured, \ being the heat conductivity of the standard 
gas. 
On theoretical grounds Senftleben proposed that the 
Prandtl number Pr of any gas is related to the Prandtl 
number Pry of some arbitrary standard gas by 
Pr - o- P r0 (2.11-5) 
where a is a unique function of , Senftleben1 s 
^ o 
a = f ( ~— ) with CO g as a standard gas is shown in Section > 
o 
V. 
One can define a quotient 
A (2.^6) 
where GrQ is the Grashof number of the standard gas. 
Using the experimental values of Q, and X , one can 
calculate Nu from Equation (2.10). But for each value of 
Nu there is a corresponding value Gr Pr which can be 
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calculated from Equations (2.21, 22). Let this value of 
Gr Pr be b. Similarly the measurements of the same type 
and the corresponding calculations would give GrQ PrQ = d 
for the standard gas. Thus the experimentally determined 
value of the quotient <P is 
Je*, (2*W) 
In general (/^eXp is slightly different from the (p given by 
Equation (2.1*6) because even for the same ô = T - T the 
w o 
average convectional temperatures are different when 
Pr / PrQ. 
Senftleben proposed that 
^ ^ ^  (2.48) 
A combination of Equations (2.I46, 4.8) gives 
CX r^2_ 
<5r " ~7~ (2.4-9) 
Prom Equations (2.11, 49) and p = — — follows that 
I 
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"" ^4 (2"So> 
Similarly from Equations (2.12, 45# 50) one obtains 
^ (2.51) 
The calculation of ^  requires the knowledge of a. 
This is the weak point of Senftleben1s theory. In fact, 
it is shown in Section V that the Senftleben correlation 
a = f (\ is incorrect. 
V * o 
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III. APPARATUS 
A schematic diagram of the equipment used in the 
present investigation is shown in Figure 3. The essential 
components of the experimental apparatus consisted of 
various hot wire cells placed in thermostats, a platinum 
resistance thermometer with a Mueller bridge, a vacuum 
system and its accessories, manometers, a Wheatstone bridge 
with a potentiometer, high voltage power supplies and a 
kilovoltmeter. A description of various components follows. 
Four hot wire cells were used. Cells #1 and #2 were 
made from copper cylinders with fine platinum wires (diame­
ter 5.08 x 10 ^  cm, length 8.83 cm and 8.65 cm, respective­
ly) stretched along the axis of each cylinder (Figure 4 ) .  
For cell #1 Z = 2.51+ cm, Y = 13.0 cm and for cell #2 Z = 
5«43 cm, Y = 11.8 cm. In cells #3 and #4 wires (diameter 
7.62 x 10"^ cm, length 13.44 cm and diameter 5»08 x 10"^ cm, 
length 13.41 cm, respectively) were mounted in a large copper 
container as shown in Figure 5» The estimate of errors in 
measuring the above-given quantities is given in Section VI. 
Special care was taken in proper mounting of the wires. 
In the cells #1 and #2 the ends of the wires were placed in 
small holes drilled in conically-shaped copper cylinders. 
Slight compression of the conical section gave a good elec­
trical contact. The copper cylinders were soldered in 
kovar seals providing complete insulation from the body of 
0 
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MANOMETER^ 
THERMOCOUPLE AND COLD CATHODE 
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Figure 3. Schematic diagram of apparatus 
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Figure 4» Hot wire cells #1 and #2 
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Figure 5» Hot wire cells #3 and #Lj. 
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the cell. In the cells #3 and #4 the wires were held in 
their positions by small brass bars. Each of the bars 
had a removable section held to it by a small screw. The 
ends of the wires were placed between the specially pol­
ished surfaces of the removable section and the bar. Com­
pression of these surfaces by the screw also provided a 
good electrical contact. The brass bars were attached to 
thin synthane strips (thickness 1/8", width 1/2", length 5") 
which provided a slight tension in the wire. 
A standard glass de war containing liquid nitrogen or 
transformer oil was used as a temperature bath for the cells 
#1 and #2. A large glass container filled with transformer 
oil served as a thermostat for the cells #3 and #!+. The 
temperature of the oil was kept constant to at least t 0.01°C 
by means of a precision micro-set differential range thermo-
regulator controlling the operation of the heater with a 
sensitive electronic relay. Efficient stirring of the oil 
was achieved by two propeller type stirrers. 
Low temperatures were obtained with liquid nitrogen. 
During the experiment the level of the liquid in the dewar 
was kept constant within Î 0.5 cm. 
Temperature measurements of the thermostat liquid were 
made with a platinum resistance thermometer (#7l8l7l) cali­
brated by the National Bureau of Standards. The resistance 
of the thermometer was measured with Rubicon's Mueller 
bridge. 
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The apparatus was evacuated by means of a rotary mechan­
ical pump and a mercury diffusion pump with an efficient 
liquid air trap. It was possible to obtain a vacuum of 
5 x 10'5 mm Hg in the various hot wire cells. The pressure 
in the vacuum system was measured by the thermocouple gauge 
and by the Miller cold cathode vacuum gauge. 
The platinum wire of the hot wire cell in series with 
a 0.1 ohm standard resistor formed one of the four arms of 
the Wheatstone bridge as shown in Figure 6. The bridge 
current served as the heating current for the wire and was 
supplied by six 6-volt storage batteries. The bridge cur­
rent was regulated by a system of rheostats. The effects of 
thermal emf's were balanced out in practice by interposing 
a reversing switch between the batteries and the bridge; 
data were obtained by making a bridge balance for each po­
larity and by averaging the results. The voltages across 
the standard resistor and the platinum wire were measured 
with a Rubicon type-B high precision potentiometer. A 
Rubicon spotlight gavanometer in combination with an Ayrton 
shunt was used as the bridge detector. 
The electric field within the hot wire cell was obtained 
by applying a dc voltage to the copper cylinder (cell #1) 
surrounding the wire which was grounded. Potentials from 0 
to 1200 volts were provided by a Kepco voltage regulated 
power supply (model 1220 B). Higher voltages were obtained 
3k 
High voltage power supplies 
Kilovoltmeter 
O.lfl standard 
resistance 
Hot wire cell 
Ayrton shunt 
To potentiometer 
Figure 6. Wheatstone bridge 
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from a high voltage power supply (1-20 kV) built by the 
Electronics Shop of the Ames Laboratory (circuit MF-12a and 
b). The voltages were measured with a kilovoltmeter (range 
O-I4.O kV) with accuracy of ± 0.1%. This instrument also was 
built by the Electronics Shop (circuit MF-37). 
The pressures of the gases used were determined with 
mercury and butyl phthalate manometers. 
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IV. PROCEDURE 
Free convectional heat transfer from horizontal heated 
platinum wires were measured in gaseous A, Ng, 0^, CO^ and 
in liquid CH^OH, (CHj)gCO, C^H^CHj. The electrostrictive 
convectional heat loss was determined in gaseous N^, C0^t 
NHj, SOg and CCl^F. The testing of Senftleben's method for 
the simultaneous determination of X » °p» ^  was done for 
gaseous A, 0^ and N^. 
Gaseous A used in this investigation was manufactured 
by the Linde Air Products Company with purity of 99*99%. 
All the other gases were made by the Matheson Company and 
had the following purities: Ng (99.996%), 0^ (99.6%), 
C02(99.8%), NH3 (99.9%), S02 (99.9%), CCl^F (99.9%). The 
purity of C^H^CHj (J. T. Baker Chemical Company) and 
(CH^)gCO (General Chemical Division of Allied Chemical and 
Dye Corporation) was reagent grade. The purity of the CH^OH 
was unknown. 
The temperature of the platinum wire in a cell was 
determined by calibrating the wire as a platinum resistance 
thermometer. For the heat transfer experiments in gases 
the calibration was done as follows. gas at about one 
atmosphere was introduced in the hot wire cell. With a 
suitable current i flowing through the wire its resistance 
R was determined by measuring the voltage drops across the 
10 ohm standard resistor and the platinum wire. Using 
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several values of i and R a linear graph of i R against R 
p 
was plotted from which on extrapolation to i R = 0 the 
resistance of the wire at the temperature of the thermostat 
was obtained. This procedure was repeated at various 
thermostat temperatures. The measurements fitted a plati­
num thermometry equation of standard form. From this equa­
tion the temperature of the wire was calculated. The 
calibration was checked between various runs using not only 
but also other previously-mentioned gases as a heat ex­
change medium. The agreement between these calibrations 
was quite satisfactory (within Î 0.1°K). For the heat 
transfer investigations in liquids the calibration of the 
platinum wire was done in a similar manner. It was found 
that each liquid required a special equation from which the 
temperature of the wire was determined from knowledge of 
its resistance. 
Prior to each run involving gases the system was evac­
uated to about 10 ^  mm Hg. Then the gas was introduced 
into the system. A sufficient period of time (about an 
hour) was allowed for the cell to attain thermal equilibrium 
with the constant temperature bath. This was evident in 
the gradual fall of the balancing current of the Wheatstone 
bridge to a stationary value. However, this effect was 
observed only on the initial introduction of gas in the 
evacuated hot wire cell. Once the equilibrium was attained 
the pressure of the gas could be decreased at will, the 
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balancing current in the bridge assuming its new stationary 
value very soon. 
Prior to each liquid run the hot wire cell #2 was 
cleaned with (GH^g CO and then flushed with the liquid 
used. 
The temperature of the platinum wire was kept constant 
by means of the balanced Wheatstone bridge. The bridge 
current was controlled sensitively by suitable combinations 
of rheostats. The heating current i through the wire was 
determined by measuring the voltage drop across the 0.1 
ohm standard resistor. The measurement of the voltage dif­
ference between the potential leads of the wire permitted 
the calculation of its resistance R. Thus the heat loss Q 
per unit time due to the particular experimental situation 
is given by 
(4.1) 
Similarly the electrostrictive convectional heat trans­
fer per unit time was calculated from 
+ (W) 
where 1 is the current in the wire before the application 
of the electric field and M represents the change in the 
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heating current necessary to keep the Wheatstone bridge 
balanced in the presence of the electric field. 
The complete evaluation of the experimental data re­
quired knowledge of various thermal ( p , cp, ^  ), transport 
( V , ) and electric properties (a, p,) of the substances 
used. The thermal and transport properties of A, N^, 0^ and 
CO2 were obtained from the National Bureau of Standards 
Circular 564 (46). Lange 's Handbook of Chemistry (47) pro­
vided the thermal and transport properties for NH^ and SO^. 
Cp, nj and p for CCl^F were taken from a Kinetic Chemicals 
Circular (48). The thermal and transport properties for 
liquids used in this investigation were obtained from the 
publications (47, 49-52). The values of polarinabilities 
of the gaseous substances were taken from "Molecular Theory 
of Gases and Liquids" by Hirschfelder et. âi* (53) and the 
dipole moments from Wesson's Tables of Electric Dipole Mo­
ments (54). 
The temperature dependent properties appearing in the 
various characteristic numbers were evaluated at the tem­
perature T = TQ + 1/2 4. 
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V. RESULTS 
A. Heat Transfer by Free Convection 
It is convenient to define a quantity q, called the 
specific heat transfer, by 
(5.1) 
where Q, is the heat transfer per unit time from a heated 
body with surface A. The specific heat transfer by free 
convection in gases and liquids for various values of the 
temperature difference Q for constant ambient temperature 
TQ can be reasonably well represented by straight lines on 
a two dimensional logarithmic plot. This fact is illus­
trated in Figures 7, 8 and 9. Figures 7 and 8 show the 
specific heat transfer in gaseous N^, Og,A and CO^ as a 
function of @ for 3°K Q C 100°K. Figure 9 represents the 
specific heat transfer data in liquid(CH^)^CO^, CH^OH and 
C6H^CH3 for 0.5°K < 6 < 10°K. 
The heat transfer coefficient h defined by Equation 
(2.9) is shown for the above-mentioned gases and liquids 
in Figures 10 and 11. 
Figure 12 represents the specific heat transfer in 
gaseous Ng, Og and A as a function of pressure at liquid 
nitrogen temperature for a constant TQ and e. Figures 13 
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and II4. show the specific heat transfer in gaseous as a 
function of pressure for various values of © and constant 
Tq. The last three graphs confirm experimentally the ideas 
presented in Section II D and Figure 2. 
As was explained in Section II it is practically im­
possible at the present time to calculate q and h from 
fundamental principles. However, the similarity approach 
has given some useful correlations among various character­
istic numbers. For free convection the experimental in­
formation in terms of Nu, Gr and Pr is shown in Figures 15 
and 16. Some of the theoretical proposals described in 
Section II are also given there. The dotted curve obtained 
experimentally by Fischer and Dosch (35) represents the 
natural convection in air. Some comments on this curve are 
given in Section VI. 
B. Heat Transfer by Electrostrictive Convection 
According to Senftleben's theory the specific heat 
transfer q@1 due to the presence of an electric field is 
directly proportional to P2. This prediction is confirmed 
in Figures 17, 20, 22 and 2I4., where the measured values of 
are plotted as a function of P. The straight lines 
shown in the graphs have been drawn through the experi­
mental points with slopes representing the square depend­
ence of the pressure. The agreement is satisfactory. 
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When the first term in Equation (2.39) dominates the 
second term, i.e., for relatively small values of E the 
electrostrictive specific heat transfer q^ is nearly pro­
portional to E2. This prediction was observed experi­
mentally in the gases studied as shown in Figures 18, 19, 
21, 23 and 25-
Figures 26 and 27 reveal the relationship between 
> and \ KrPr based on the data obtained in this in­
vestigation. Figures 28 and 29 exhibit the electrostric­
tive heat transfer measurements in the representation of 
Senftleben and Bultmann except that the electrostrictive 
Nusselt number and the product GrPrSe(l + 8 x 10~^Se) are 
multiplied by >> to eliminate the need for the heat con­
ductivity values which for some gases are not known ac­
curately or are unavailable. The dotted lines associated 
with the names of Senftleben and Bultmann in Figures 28 and 
29 represent Equation (2.1+1) with c^ = 3*k x 10~^ and 
Cg = 8 x 10 When the second term in Equation (2.1p.) can 
be neglected in comparison with the first term the Senftle­
ben and Bultmann correlation becomes identical to Kronig's 
correlation as shown in Figures 26 and 27. The Ashmann 
and Kronig lines in Figures 26, 27, 28 and 29 exhibit the 
experimentally determined electrostrictive heat transfer 
in various liquids (55-57). 
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C. Senftleben's Method 
The Senftleben method for the determination of X , 
cp and ^ was applied to A, and Og. The results are 
shown in Tables 1 and 2 where the experimental heat conduc­
tivities X ^ and the specific heats c are compared 
exp p exp 
with the corresponding values from the National Bureau of 
Standards Circular 564 (46). The agreement is reasonable. 
Figures 30, 31 and 32 represent the experimental information 
needed for calculations of X and cp of A, Ng and 0^ at 
334*7°K. Similar curves were obtained for other tempera­
tures. 
It was found that the viscosities cannot be determined 
by Senftleben's method as outlined in Section II because 
the calculations of ^ involve Senftleben's relation 
a = f ( \ jJ ^qq ) which is not the same function for all 
gases. This is clearly demonstrated in Figure 33, where 
the values of a = Prx/PrCQ and ^ x/ ^  co 61,6 shown for 
various gases, x representing any gas except COg. The 
deviations from the Senftleben curve are considerable and 
especially large for In fact it was impossible to 
represent a = f( \ ^ \ ^ ) on Figure 33 (for example, at 
220-K PrH2/PrC02 = 0.876 and >^/ = 11.56). 
The values of \ , cp and ^  for A, CO, Eg, N^ and 02 
were obtained from the National Bureau of Standards Circular 
564 (46)• For the other gases the corresponding information 
Table 1. Experimental values of heat conductivities 
Gas x exp X NBS T Standard Cell 
cal cm ^sec ^ °K"^ cal cm ^sec ^ °K gas # 
A 4.47 10-2 4.4L 10-2 315.9 N2 1 
4.61 4.4L 319.5 °2 1 
4.76 4.60 332.8 °2 2 
4.71 4.62 334.7 °2 2 
4-78 4*68 340.4 °2 1 
N2 6.4L 6.51 315.9 A 1 
6.71 6.51 315.9 0 1 
2 
6.7 2 6.84 334.7 A 2 
6.85 6.84 334.7 °2 2 
°2 6.49 6.69 315.9 N2 1 
6.39 6.69 315.9 A 1 
6.80 7.04 332.8 A 2 
6.90 7.04 334.7 A 2 
6.95 7.04 334.7 
*2 2 
7.01 7.16 340.4 A 1 
Table 2. Experimental values of specific heats at constant pressure 
Gas ^ T Standard Cell 
cal g"1 °K"1 cal g"1 °K™1 °K gas # 
A 1.29 10"1 1.25 10*"1 334-7 02 2 
N2 2.50 2A9 334.7 02 2 
Figure 30. Time rate of total heat transfer in A as a function of pressure 
(Curve A is associated with lower pressures and curve B with 
higher pressures.) 
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Figure 31. Time rate of total heat transfer in as a function of pressure 
(Curve A is associated with lower pressures and curve B with higher 
pressures.) 
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Figure 32. Time rate of total heat transfer in 02 as a function of pressure 
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was procured from a Du Pont Technical Bulletin (58) and 
Lange's Handbook of Chemistry (lj.7). 
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VI. DISCUSSION 
A. Discussion of Errors 
It is believed that the diameters of platinum wires 
(manufactured by Baker and Co., Inc., Newark, N. J.) used 
in this investigation were known to at least 2%. The 
diameters were calculated by measuring the length (approxi­
mately 35 cm) of a wire with a traveling microscope and 
by determining its weight with a microbalance. The density 
of platinum was obtained from Lange 's Handbook of Chemistry 
Ut-7). 
The lengths of wires of various cells were measured 
to at least 0.5%» 
The inside radius of the copper cylinder surrounding 
the platinum wire (cell #1) was found to be 1.27 ± 0.01 cm. 
Since the voltage applied to the cylinder was measured 
within 0.1%, the value of the electric field Ew was known 
to at least 3%-
The current through the wire could be measured to less 
than 0.3%. The resistance of the wire was known within 
0.2%. Thus one would be led to estimate the error in Q to 
about 1%. Similarly the error in should be within 3%. 
Actually data were not this precise because of the end ef­
fects which were difficult to estimate accurately. The 
problem of the end cooling in the presence of convection 
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has been recently treated theoretically by Prlns, Schenk 
and Dumore (59) and by Fischer (60, 61). However, their 
solutions are rather difficult to apply to wires of finite 
length. Very recently Epelboin, Pham and Vapaille (36) 
suggested a rough approximation for determining the end ef­
fects. According to their solution the end cooling for 
wires used in this investigation subjected to relatively 
small values of 6 should be about 2%. 
The pressure of gas above 10 cm Hg was measured with 
a mercury manometer within t O.Oij. cm Hg and below 10 cm Hg 
with a butyl phthalate manometer within ± 0.005 cm Hg. 
The temperature difference between the platinum wire 
and the constant temperature bath was determined within at 
least t 0.3 °K. 
The calculations of various characteristic numbers 
required knowledge of certain thermal, transport and elec­
tric properties of the medium surrounding the heated wire. 
For A, Ng, Og and COg the reliabilities of X , cp, 
•"j and ^ can be found in National Bureau of Standards 
Circular 564- (46). The uncertainty of \ can be as high as 
5% for A and CO^, 2% for Ng and 1% for 0^. The accuracies 
of Cp and of the above-mentioned gases are about 2%. 
The values of p are reliable to within 0.2%. The accura­
cies of the corresponding properties for NH^, SOg and CCljF 
are not available but they definitely are considerably 
lower. Very few measurements exist on these gases, and in 
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fact the heat conductivity of CCljF has not been measured 
as a function of the temperature. 
The uncertainties of the polarizabilities used in 
Kronig's and Senftleben1s numbers are about 1$, and the val­
ues of the electric dipole moments are known within t %%. 
The reliabilities of the thermal and transport proper­
ties of the liquids used in this investigation are consider­
ably lower than those of gases. No specific estimates of 
accuracies are available. The values of heat conductivities 
of liquids are especially doubtful because these are more 
difficult to determine than those of solids and gases. 
B. Relation of Results to Theory 
1. Heat transfer by free convection 
The need for basis physical knowledge of rate processes 
at reduced pressures have been emphasized during the last 
decade by important developments in the design of vacuum 
equipment and by the increased use of vacuum processes in 
modern technology. It is quite surprising, however, that 
some of the standard textbooks on heat transfer give a rather 
poor description of the natural heat loss from a single 
horizontal heated cylinder. The more recent ideas involving 
natural convection phenomena and the corresponding experi­
mental data are scattered in various periodicals (29-36). 
'91 
A large amount of experimental work has been done on 
the free or natural heat transfer from single horizontal 
heated cylinders in the region where Gr Pr = 10™^. For this 
information the interested reader is referred to the text­
book by Jakob (12). The general belief at the present time 
is that it is possible to correlate the experimental results 
for various fluids, types of cylinders and excess tempera­
tures in a form Nu = f(Gr Pr). The data obtained in this 
investigation (shown in Figure 16) justify this statement. 
The experimental points scatter considerably around Senftle-
ben's curve. This is very characteristic of any heat trans­
fer study. The scattering is larger for liquids than for 
gases because of the larger uncertainties in thermal and 
transport properties and also due to larger error in 
The experimental results shown in Figure 16 indicate that 
within experimental error Senftleben's and van der Hegge 
Zijnen's correlations are satisfactory in the region where 
Gr Pr > 10 The other proposals shown in Figure 16, al­
though they all become practically identical for larger 
values of Gr Pr, deviate considerably from the experimental 
results of this investigation. The recent work of Fischer 
and Dosch (35) involving the free convectional heat transfer 
study in air is also in agreement with Senftleben's curve 
in the neighborhood of Gr Pr = 10*"^. 
In the region where Gr Pr <. lO~^ very few experimental 
data exist at the present time. The experimental results 
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of this investigation for the values of Gr Pr ^ 10~^ and 
various correlation curves are shown in Figure 15» It ap­
pears that also in this region the experimental data as­
sociated with gaseous A, Og, Ng and GOg follow more closely 
the Senftleben curve than any other proposed curve. This 
is in agreement with the experimental heat transfer meas­
urements in gaseous He, A and air obtained by Kyte, Madden 
and Piret (33). Similarly the measurements in C^H^q and 
CgH^Cl by Senftleben (31) extending to approximately 
Gr Pr = lO~^ agree with the relationship proposed by him. 
It should be mentioned that the experimental data for the 
free convectional heat transfer in 0^, and COg presented 
in Figure 1$ have not been previously reported in the lit­
erature for the indicated range of conditions. 
The dotted curve associated with the names of Fischer 
and Dosch represents their experimental results obtained 
from a single horizontal heated platinum wires in air (35) • 
This curve practically agrees with Senftleben's curve at 
Gr Pr =s 10 . For lower Gr Pr values it deviates from 
Senftleben's relation with decreasing Gr Pr. Fischer and 
Dosch were very much concerned with the influence of the 
dimensions of surroundings on the heat transfer from the 
wires. In their experiments the platinum wires of various 
sizes (2.20 10 ^  to 1*II4. 10 ^  cm in diameter) were located 
in a cardboard box whose walls were about 12 inches from 
the wire. This box was located in a specially isolated 
93 
room which was closed for about an hour before measurements 
were taken. Fischer and Dosch also tried to correct for 
the heat losses at the ends of the wires. They also chose 
to evaluate the thermal and transport properties of gases 
at a temperature determined in a manner which differed from 
that used by other investigators. Instead of using 
T = Tq + 1/2 @ they used T = TQ + b G, where 0.8 < b 0.9, 
to match the various segments of Nu = f(Gr Pr) associated 
with different diameters of wires in a single curve. 
The above-mentioned precautions seem rather unreasonable 
because of the following reasons. Senftleben and Gladisch 
(30) have shown that for all practical purposes a cylinder 
having a diameter of 2 cm surrounding 1 to 3 mil wire does 
not influence the free convectional heat transfer even for 
relatively small Gr Pr values. The results of the present 
investigation obtained with the hot wire cells of various 
sizes confirm this statement. However, it was observed that 
very slight changes (about t 0.05°K) in the temperature of 
the surroundings were noticeable on the bridge galvanometer 
and thus influenced the heat transfer measurements. It 
would appear that too large dimensions of the surroundings 
instead of improving the measurements could disturb them 
because of unavoidable temperature gradients. The second 
factor which should be emphasized in any heat transfer 
problem is the fact that various thermal and transport prop­
erties are rather unreliable. Thus, for example, the thermal 
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conductivity of air can be uncertain to about 6% (46). In 
view of the above-mentioned reasons it is the author's 
opinion that Fischer's and Dosch's measurements in air for 
Gr Pr < 10~3 are not superior to other investigations. 
van der Hegge Zijnen suggested (34) that various cor­
relations given in Section II B could be replaced by a pure­
ly empirical relationship represented by Equation (2.16) 
since the above-mentioned correlations are by origin more 
or less empirical. This is not a good suggestion because 
the van der Hegge Zijnen curve deviates considerably from 
the experimental data at small values of Gr Pr. It is true 
that Senftleben's relation is partially empirical. However, 
since it is based on certain concrete physical ideas and 
also represents the heat transfer measurements within ex­
perimental error, it should be favored over other proposals. 
2. Heat transfer by electrostrictive convection 
The experimental results of this investigation for the 
electrostrictive heat transfer in gaseous Ng, COg, SOg, 
CClFj and NH^ have never been reported before. They are 
shown in Figures 17-29. The dotted lines associated with 
the names of Senftleben and Bultmann represent the experi­
mental data obtained by Senftleben, Braun and Bultmann (43, 
62). Their electrostrictive heat transfer studies were 
made with C^, C^Hq, C^H^, C^Cl, (CgH^gO, 02 
and A. Their results scatter around the dotted lines 
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overlapping to some extent the lines associated with this 
investigation. The Ashmann and Kronig lines represent 
the measurements of the electrostrictive heat transfer in 
liquid CCl^, and n-CyH^^ (55-57). The 
experimental points associated with these liquids scatter 
much more around the indicated lines than for gases. 
According to ideas presented in Section II C the above-
mentioned lines should agree with each other. The experi­
mental results of this investigation lie quite close to the 
data of Senftleben, Braun and Bultmann indicating that the 
electrostrictive convectional heat transfer can be reason­
ably well represented by the electrostrictive NusseIt number, 
the Prandtl number and the Senftleben or the Kronig number. 
It appears that the data for various organic liquids 
obtained by Ashmann and Kronig can also be correlated giving 
a line whose slope is identical with the slopes of the lines 
associated with the names of Senftleben and Bultmann and 
the present research. However, some remarks about the liq­
uid data should be given. First, the experimental points 
scatter considerably and the measurements for large values 
of © (about 40 - 80°K) deviate strongly from the average 
line giving lower values of the electrostrictive Nusselt 
number. Da Haan indicated that probably some average value 
of temperature should be used for computing the character­
istic numbers instead of T since for liquids the thermal 
W e 
and transport properties (in particular the viscosity) vary 
O 
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strongly with temperature. Although the effect of such a 
change would bring the points referred to closer to the 
other points it is not known whether this suggestion repre­
sents the real explanation of the deviations. 
The fact that the correlation curves for the above-
mentioned liquid obtained by Ashmann, Kronig and De Haan 
are lower than those for gases is not understood completely 
at the present time. It definitely cannot be the size of 
the surrounding cylinder since Senftleben and Braim (62) 
showed experimentally that a cylinder with a diameter of 2 
cm did not influence the electrostrictive heat transfer 
measurements in gases down to pressures of about li? cm Hg. 
Ashmann, Kronig and De Haan employed cylinders of I4. cm in 
diameter while Senftleben, Braim and Bultmann used various 
cylinders of about 3«4 cm in diameter. It is possible, 
however, that some additional effects, which have not been 
included, occur in liquids. Since the liquids used were 
not perfect insulators some ion currents resulting from 
the presence of the electric field could influence the heat 
transfer. The mechanism may be similar to that of the ob­
served fact that an electric field influences the viscosity 
of liquids (63). Probably a term representing the force 
per unit volume on the inhomogeneous dielectric should be 
included in Equation (2.35) because the dielectric constant 
is a function of the.density which in turn varies with 
temperature. Ashmann and Kronig mentioned in their 
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publication (55) a possibility that the construction of 
their cylinder (both ends closed by a disc made of lorifal, 
an insulating material that does not dissolve noticeably 
in organic liquids) impeded the circulation, got warmed up 
and distorted the electric field due to the high dielectric 
constant of the end material. Also one cannot deny the 
probability that some electrolytic polarization effects at 
the surface of the wire (a thin layer of gas that adheres 
to the wire and impedes the heat transfer) were present. 
It appears that more experimental and theoretical 
work is needed on the heat transfer problem in liquids sub­
jected to an electric field before a definite quantitative 
interpretation of the phenomenon can be given. 
The slight discrepancy between the experimental results 
of this investigation and the measurements of Senftleben, 
Braun and Bultmann are also very difficult to analyze be­
cause they do not give detailed information of their experi­
ments. For example, no errors in the diameter of the wire 
and in measurements of the applied voltage are given. 
In view of the present research and the previous work 
on the electrostrictive heat transfer in gases it appears 
that the Senftleben and Bultmann theory reasonably well 
explains the phenomenon qualitatively. The dependence of 
the heat transfer on the electric field, the pressure and 
the temperature as predicted by the theory is especially 
noteworthy. 
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C. Comments on the Senftleben Method 
The present Investigation showed that the Senftleben 
method (1, 2) for the simultaneous determination of the heat 
conductivity, the specific heat at constant pressure and 
the viscosity of gases is not nearly as satisfactory as sug­
gested by Senftleben. In fact, this method cannot provide 
the coefficients of viscosity at all because the Senftleben 
relation a = f( Xx / X co^ ) is not the same function for 
all gases as can be seen in Figure 33* It appears that 
Senftleben was able to obtain reasonable values of viscosity 
for some gases (2) because by chance they satisfied the 
proposed curve a = f ( X y / \ ^ ) at room temperatures. How­
ever, the heat conductivity and the specific heat at constant 
pressure can be determined approximately within Î 5% if the 
Senftleben correlation given by Equations (2.21, 2) is used. 
This fact is exhibited in Tables 1 and 2. The method is 
not as simple as may appear because two complete heat trans­
fer curves must be obtained as a function of the pressure 
for specific values of TQ and Q. Since this method is rela­
tive it cannot give accuracies higher than those associated 
with the standard gas. Hence it appears that whenever the 
heat conductivity and the specific heat data are needed ac­
curately as, for example, in testing the current theories 
of transport properties the Senftleben method is not satis­
factory. It also should be realized that this method can 
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give only small pressure heat conductivities. It could not 
be used to determine the coefficient of the heat conduc­
tivity of some gas as a function of pressure. 
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VII. SUMMARY 
Free convectlonal heat transfer from single horizontal 
heated 2 and 3 mil platinum wires was measured in gaseous. 
A, N2, 02,C02 and in liquid CH^OH, (CH^CO, C^CHy The 
measurements extending approximately from Gr Pr = 1 to 
Gr Pr = 10"5 indicated that the Senftleben correlation is 
superior to the other proposed relationships. 
The electrostrictive convectlonal heat transfers have 
been measured in gaseous Ng, CO^, NH^SQ^, and CCl^F for the 
first time. The results were interpreted according to the 
theories of Senftleben and Kronig. The experimental results 
of this investigation have been compared with the measure­
ments of Senftleben, Braun and Bultmann in various gases 
and with the liquid data obtained by Ashmann, Kronig and De 
Haan. The correlation curve of the present research gives 
slightly lower values of the electrostrictive Nusselt number 
than those of Senftleben, Braun and Bultmann. The correla­
tion curve representing the heat transfer data in the pres­
ence of an electric field as measured by Ashmann, Kronig and 
De Haan gives considerably lower values of the electrostric­
tive Nusselt number than in gases. This deviation is not 
completely understood at the present time. It appears that 
more experimental and theoretical work is needed on the heat 
transfer in liquids in the presence of an electric field. 
» 
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The theoretical predictions of Senftleben and Bultmann 
that the specific electrostrictive heat transfer should be 
p 2 proportional to P and approximately proportional to Ew , 
where P is the pressure of,the gas and Ew the magnitude of 
the electric field at the surface of the wire, was found 
to be true within the experimental limits. The fact that 
the electrostrictive heat transfer is larger at lower tem­
peratures was demonstrated in gaseous N^ at liquid nitrogen 
temperatures. 
The Senftleben method for the simultaneous determination 
of the heat conductivity, the specific heat at constant pres­
sure and the viscosity of gases was investigated experimen­
tally. It was found that this method can be used to deter­
mine the heat conductivity and the specific heat of gases 
within approximately ± $% if the Senftleben correlation 
Nu = f(Gr Pr) is used. However, the method cannot provide 
reliable values of the viscosity because the Senftleben 
function Prx/PrGQ = f ( \ x/ X CQ ), where Pr is the Prandtl 
number, X the coefficient of heat conductivity and x repre­
sents any gas, is not satisfied by all gases. 
O 
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X. APPENDIX 
A. Numerical Values for Some Nu = f(Gr Pr) 
Gr Pr 
Nusselt Mc Adams Rice 
Nu 
Zijnen Senftleben Kyte, 
et al. 
10-7 0.391 0.250 
lp"6 0.409 0.283 
10"5 0.14J.9 0.435 0.338 0.321 
10"4- 0.473 0.490 0.521 0.474 0.408 0.372 
io"3 0,521 0.550 0.610 0.535 0.497 0.442 
io"2 0,603 0.661 0.732 0.633 0.616 0.542 
10"1 0.735 0.841 0.907 0.790 0.785 0.697 
1 0.944 1.08 1.17 1.05 1.03 0.957 
10 1.26 1.51 1.42 
102 1.81 2.11 2.04 
103 2.85 3.16 3.10 
10^ 4.79 5.37 4.92 
10^ 8.71 9.33 8.14 
106 15.9 16.2 13.6 
107 28.8 28.8 23.9 
108 52.5 51.3 4-L.8 
109 93.3 
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B. List of Symbols 
Latin letter symbols 
A Area of heated body 
a Ratio of Prandtl1 s numbers of two gases 
cl' °2 Diineiisionless constants 
Cp Molecular specific heat at constant pressure 
D Magnitude of dynamic force per unit volume 
E Magnitude of electric field 
Ew Magnitude of electric field at surface of wire 
P Magnitude of frictional force per unit volume 
fel Magnitude of electrostrictive convectional force per 
unit volume 
^th Magnitude of free convectional force per unit volume 
g Magnitude of gravitational acceleration 
Gr Grashof's number 
GrQ Grashof1 s number of standard gas 
H Heat generated per unit volume and time 
h Heat transfer coefficient 
I Magnitude of inertia force per unit volume 
i Electric current 
k Boltzmarm's constant 
Kr Kronig1s number 
L Length of wire 
1 Characteristic dimension of heated body 
M Molecular weight 
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N^ Avogadro1 s number 
Nu Thermal Nusselt's number 
Nu , Electrostrictive Nusselt's number 
el 
P Pressure 
P^ Pressure at inflection point of Q, = Q(P), bar ye 
Pr Prandtl's number 
PrQ Prandtl's number of standard gas 
Q, Time rate of heat transfer 
q Free convectional specific heat transfer 
qe^ Electrostrictive specific heat transfer 
Qcond Time rate of heat loss due to conduction 
Ssonv Time rate of heat loss due to convection 
Qq Time rate of heat transfer in standard gas 
R Electrical resistance 
rQ Radius of cylinder (or wire) ° 
s Distance in x-direction from heated horizontal 
cylinder to location where temperature of fluid 
is T 
o 
Se Senftleben's number 
T, T1 Temperature 
t Time » 
Tq Temperature of fluid far away from heated body 
Tw Temperature of heated body (or wire) 
T^ Temperature of fluid at r = X 
V Electrical potential difference 
v Magnitude of velocity 
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Distance in x-direction from heated horizontal 
cylinder to convection-conduction region 
Diameter of cylinder surrounding platinum wire 
Greek letter symbols 
Mean value of polarizab11ity 
Volume coefficient of thermal expansion 
Ratio of GrPr to Gr Pr 
o o 
Experimental value of <P 
Magnitude of electrostrictive force per unit volume 
Dynamic viscosity 
Temperature difference between heated body and fluid 
Dielectric constant 
Thermal conductivity 
Thermal conductivity of standard gas 
Magnitude of electric dlpole moment 
Density 
Cross section of flow 
Electric susceptibility 
Dimensional constant of proportionality 
